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 SUPPLEMENTAL FIGURES 
 
 
 
Figure S1, related to Figure 1. OXPHOS-stimulated mitochondrial elongation is reversed 
by glycolytic conditions and is absent in Mfn1-null cells. 
 (A) Decreased oxygen consumption with addition of glucose. Glucose (+/- oligomycin) was 
added to MEFs maintained in media lacking glucose. Oxygen consumption was measured before 
and after injection of the indicated components. The arrow indicates the injection time. Error 
bars indicate standard deviations. (B) Quantitation of mitochondrial morphology at 24 hours 
after addition of glucose (+/- oligomycin). Error bars indicate standard deviations. (C) 
Representative images of mitochondrial morphology at 24 hours after addition of glucose (+/- 
oligomycin). Mitochondria were visualized via expression of matrix-targeted DsRed. Scale bar, 5 
µm. (D) Oxygen consumption rates in wild-type and Mfn1-null cells after shifting cells to the 
indicated media. Error bars represent standard deviations. (E) Quantitation of mitochondrial 
morphology in Mfn1-null cells shifted to the indicated media for 24 hours. Error bars represent 
standard deviations. (F) Representative images of mitochondrial morphology in Mfn1-null cells 
shifted to the indicated media for 24 hours. Mitochondria were visualized via expression of 
matrix-targeted DsRed. Scale bar, 5 µm. (G) Western blots of the pro-fusion proteins (Mfn1, 
Mfn2, Opa1) and pro-fission proteins (Drp1, Mff, Fis1) in whole-cell lysates from MEFs 
switched to the indicated media for 24 hours. (H) Analysis of phospho-Drp1 (S637) levels in the 
indicated media conditions. Total Drp1 was immunoprecipitated from whole cell lysates and 
outputs were probed with antibodies to phospho-Drp1 (S637) and total Drp1. As a positive 
control, forskolin and cyclosporin A were added to cells in glucose/glutamine-containing media 
to induce Drp1 phosphorylation. (I) Analysis of Drp1 levels on mitochondria in the indicated 
media conditions. Mitochondria were isolated from MEFs grown in the indicated media 
conditions for 24 hours. Mitochondrial lysates were probed for total Drp1 and ClpP (as a loading 
control for mitochondria). 
  
 
Figure S2, related to Figure 2. Analysis of mitochondrial fusion in vitro. 
 (A) Wide-field image of an in vitro fusion reaction showing unfused mitochondria, OM fusion 
intermediates (arrow), and full fusion events (arrowheads). Scale bar, 1 µm. (B) Single-optical 
section taken by confocal microscopy of a full fusion event. Scale bar, 1 µm. (C) Single-optical 
section taken by confocal microscopy of an OM fusion intermediate. Scale bar, 1 µm. (D) 
Nucleotide dependence of in vitro fusion. Reactions were performed without respiratory 
substrates, and ATP, GTP and GTPγS were supplemented as indicated. Error bars indicate 
standard deviations. (E) Genetic requirements for in vitro fusion. All reactions contained GTP, 
succinate and ADP. Mitochondria from cells of the indicated genotype were assayed. WT, 
wildtype MEFs; Mfn, Mfn1 -/-; Mfn2 -/- MEFs; Opa1, Opa1 -/- MEFs. Error bars indicate 
standard deviations. Same color scheme as (D). (F) In vitro fusion rates after exhaustion of 
endogenous substrates. Isolated mitochondria were incubated in the presence of ADP (30 min, 
37˚C) prior to performing the fusion reaction. Same color scheme as (D). Error bars indicate 
standard deviations. (G) Representative respiration measurement of mitochondria purified from 
MEFs. Substrate (succinate) is present throughout the measurement. ADP, oligomycin (oligo), 
CCCP, and antimycin A (Ant A) are added at the indicated times. (H) Oxygen consumption rates 
(OCR) from isolated mitochondria in the indicated condition. Error bars indicate standard 
deviations. (I) Opa1 processing during ETC inhibition. All reactions contained GTP and 
substrate (succinate, ADP). Drugs (antimycin A (Ant A), oligomycin (oligo), and CCCP) were 
added as indicated. Oxa1 levels are shown as a control. (J) Opa1 processing during in vitro 
fusion reactions. Succinate, ADP and GTP were added as indicated. Oxa1 levels are shown as a 
control. (K) Membrane potential in isolated mitochondria under the indicated conditions. 
Membrane potential was measured by TMRM fluorescence. Error bars indicate standard 
deviations. (L) OCR from isolated mitochondria in the absence of substrate. Nucleotides (ADP, 
ATP) were added as indicated. Error bars indicate standard deviations. (M) OCR from isolated 
mitochondria is plotted as a function of substrate concentration. Error bars indicate standard 
deviations. 
  
Figure S3, related to Figure 3. Uncoupled fusion events in glycolytic versus oxidative 
media. 
 
(A) An example of coupled OM and IM fusion, in oxidative (acetoacetate) media. The 
photoactivated mitochondrion (green; arrowhead) was irradiated to bleach the matrix DsRed 
signal and activate its OM PA-GFP signal, and was then imaged every 20 sec. By the second 
 frame, the activated mitochondrion has fused its outer and inner membranes with a neighboring 
mitochondrion (red; arrow), indicated by merging of the OM PA-GFP and matrix DsRed signals. 
Scale bar, 2 µm. (B) An example of uncoupled OM and IM fusion, in glycolytic (glucose) media, 
resolved by subsequent fission. The photoactivated mitochondrion (green) is indicated by the 
arrowhead. At 20 sec, the OM PA-GFP signal spreads to an adjacent, DsRed-labeled 
mitochondrion (red; arrow), indicative of OM fusion. However, the matrix DsRed signal from 
the adjacent mitochondrion does not spread into the photoactivated mitochondrion for the 
duration of the imaging, indicating lack of matrix fusion. By 120 sec, the two mitochondria have 
separated, indicating fission of the OM. Scale bar, 2 µm. (C) An example of uncoupled OM and 
IM fusion resolved by delayed IM fusion. The photoactivated mitochondrion (green) is indicated 
by the arrowhead. At 20 sec, the OM PA-GFP signal spreads to an adjacent mitochondrion 
(arrow), indicative of OM fusion. However, detection of the spread of the matrix DsRed signal 
does not occur until 80 sec, indicating a delay in IM fusion. Scale bar, 2 µm. 
  
 
Figure S4, related to Figure 5. Opa1 processing at S2 correlates with OXPHOS-induced 
fusion. 
 
(A) Effect of ROS scavengers [1 mM dithiothreitol (DTT) or 1 mM N-acetylcysteine (NAC)] on 
fusion in vitro. Error bars indicate standard deviations. (B) OCR from isolated mitochondria in 
the presence of increasing concentrations of o-phenanthroline (o-phe). Error bars indicate 
 standard deviations. (C) Processing of endogenous Opa1 in lysates of MEFs grown in glycolytic 
(“Glucose”) or oxidative (“Acetoacetate”) conditions for 24 hours. Note that oxidative conditions 
promote processing of the long form of isoform 7 (arrowhead) to the S2 cleavage product 
(arrow). Actin levels are shown as a control. (D) Processing at the S1 (Isoform 1) and S2 
(Isoform 7ΔS1) sites of Myc-Opa1 in vivo in response to oxidative conditions for 24 hours. Actin 
levels are shown as a control. Processing at S2 occurs in response to oxidative conditions. (E) 
Processing of endogenous Opa1 in lysates of cells from the indicated genotype. Actin levels are 
shown as a control. Note that the mutant cells show a selective depletion of isoform 7 cleaved at 
the S2 site (arrow). 
  
 
Figure S5, related to Figure 6. Yme1L, but not Oma1, is required for OXPHOS-induced 
fusion. 
 (A) Normal mitochondrial elongation in Oma1-null cells in response to oxidative media. 
Representative images of mitochondrial morphology in Oma1-null cells shifted to glycolytic 
(left), or oxidative (right) media. Mitochondria were visualized via staining for Tom20, an outer 
mitochondrial membrane protein. Scale bar, 5 µm. (B) Quantitation of mitochondrial 
morphology after shifting to the indicated media. Error bars report standard deviations. (C) 
Western blots showing Yme1L depletion and Opa1 processing after shRNA-mediated Yme1L 
knockdown. Actin levels are shown as a control. MEFs express primarily mRNA splice forms 1 
and 7. Because of proteolytic processing, Opa1 exists as 5 bands of varying intensity. The largest 
molecular weight band is long isoform 7, followed by long isoform 1. The three bottom bands 
result from processing at either the S1 site (short isoforms of splice forms 1 and 7) or the S2 site 
(short isoform of 7). Oma1 cleaves at the S1 site, and Yme1L cleaves at the S2 site. The shRNA 
against Yme1L results in depletion of Yme1L and a decreased amount of isoform 7 processed at 
site S2 (arrow), with a corresponding increase in the amount of isoform 7 processed at site S1 
(arrowhead). (D) Normal respiratory response of Yme1L-knockdown cells. Oxygen consumption 
was measured in control and Yme1L-knockdown cells, before and after switching to the 
indicated media. Media exchange is indicated by the arrow. Error bars indicate standard 
deviations. (E) Rescue of Yme1L-knockdown phenotype. Yme1L-knockdown cells expressing 
RNAi-resistant Yme1L, or nothing (“empty”) were tested for mitochondrial elongation in 
response to an oxidative (“acetoacetate”) media challenge. Quantitation of mitochondrial 
morphology after shifting to the indicated media is reported. Error bars report standard 
deviations. (F) Normal OM fusion in Yme1L-knockdown cells. Representative images of OM 
fusion in control and Yme1L knockdown MEFs in oxidative (“acetoacetate”) media. At time t=0 
min, PA-GFP in the OM was activated in a region of interest (red box). Dilution of the PA-GFP 
signal was followed every 3 min for 30 min. Representative images at 0 min and 30 min are 
shown. Fusion assays were performed 1-2 hours after the media shift. Scale bar, 5 µm. (G) 
Reduced IM fusion in Yme1L knockdown cells in oxidative media. Representative images of IM 
fusion in control and Yme1L-knockdown MEFs in oxidative (“acetoacetate”) media. Same as in 
(F), but using PA-GFP targeted to the matrix. Scale bar, 5 µm. (H) Western blot of endogenous 
Opa1 after knockdown of exon 5b-containing transcripts using siRNA duplex #1 (see 
Experimental Procedures). Bands corresponding to isoform 7 (arrows) have been depleted. (I) 
Lack of mitochondrial elongation in Opa1 exon 5b-depleted cells. Mitochondrial morphology 
was scored in mock-transfected and siRNA-transfected cells (exon 5b siRNA #2) after shifting to 
the indicated media. Error bars indicate standard deviations. Data in Figure 6F refer to exon 5b 
siRNA #1. Same color scheme as (E). (J) Quantitation of mitochondrial morphology after cells 
were shifted to starvation media (Hank's balanced salt solution) or media containing 
cycloheximide (5 µg/mL) for 8 hours. Error bars report standard deviations. Same color scheme 
as (E). 
  
Figure S6, related to Figure 7. CCCP-induced proteolytic processing of Opa1 during an in 
vitro fusion reaction. 
 
(A) Preferential solubilization of the outer mitochondrial membrane with digitonin during an in 
vitro fusion reaction. Isolated mitochondria were incubated with the indicated concentration of 
digitonin, and then challenged with Proteinase K (see Experimental Procedures for details). 
Integrity of the inner and outer mitochondrial membranes was monitored by blotting for an outer 
membrane protein (Tom20), an intermembrane space protein (Opa1), and a matrix protein 
(Hsp60). Digitonin concentrations near 0.05% show protection of matrix proteins with 
susceptibility of intermembrane space proteins to Proteinase K. (B) Effects of CCCP and o-
phenanthroline on Opa1 processing. Wild-type mitochondria were treated with the indicated 
drugs [CCCP, o-phenanthroline (o-phe)]. Endogenous Opa1 processing was followed by 
Western blot; Oxa1 was used as a loading control. (C) Lack of CCCP-induced cleavage of Opa1 
in Oma1-null cells. Opa1 processing was analyzed in wild-type and Oma1-null mitochondria. 
 
 
 
